The spread of cancer cells between organs, a process known as metastasis, is the cause of most cancer deaths 1,2 . Detecting circulating tumour cells-a common marker for the development of metastasis 3,4 -is difficult because ex vivo methods are not sensitive enough owing to limited blood sample volume and in vivo diagnosis is time-consuming as large volumes of blood must be analysed 5-7 . Here, we show a way to magnetically capture circulating tumour cells in the bloodstream of mice followed by rapid photoacoustic detection. Magnetic nanoparticles, which were functionalized to target a receptor commonly found in breast cancer cells, bound and captured circulating tumour cells under a magnet. To improve detection sensitivity and specificity, gold-plated carbon nanotubes conjugated with folic acid were used as a second contrast agent for photoacoustic imaging. By integrating in vivo multiplex targeting, magnetic enrichment, signal amplification and multicolour recognition, our approach allows circulating tumour cells to be concentrated from a large volume of blood in the vessels of tumour-bearing mice, and this could have potential for the early diagnosis of cancer and the prevention of metastasis in humans.
Although photoacoustic imaging has higher spatial resolution in deep tissues (up to 3 cm) than other optical modalities 18, 19 , the slow signal acquisition algorithms cannot detect fastmoving CTCs in the bloodstream. To solve this problem, we modified the previously described time-resolved photoacoustic technique [20] [21] [22] so that CTCs targeted by two-colour nanoparticles can be illuminated by laser pulses at wavelengths of 639 and 900 nm at 10-ms delay ( Fig. 1a ; see Methods and Supplementary Fig. S1 ). Because human tumour cells are heterogeneous and not all tumour cells express a given biomarker 23 , we applied multiplex targeting and a multicolour detection strategy 21, 24, 25 to increase the specificity of the nanoparticles so that in vivo CTC identification was possible.
MNPs were conjugated to the amino-terminal fragment of the urokinase plasminogen activator, which serves as a ligand that binds specifically to theurokinase plasminogen activator receptors that are highly expressed on many types of cancer cells but are expressed at a low level in normal blood and endothelial cells 26, 27 (Fig. 1b ). The MNPs served as dual magnetic and photoacoustic contrast agents using the intrinsic absorption of their Fe 2 O 3 core ( Supplementary Fig. S4 ). Estimated photoacoustic spectra of MNPs suggest that 639 nm is the preferred wavelength because it provides the best photoacoustic contrast in a background of blood ( Fig. 1d ). To increase sensitivity and specificity, golden carbon nanotubes (GNTs) 28 (Fig. 1c ; see Supplementary Information), which have a higher photoacoustic contrast than MNPs at 900 nm ( Fig. 1d ), were used as a second molecular agent for targeting the folate receptors that are expressed in cancer cells but absent in normal blood 7 . The human breast cancer cell line MDA-MB-231, which is positive for both the urokinase plasminogen activator and the folate receptor, was used to establish a human breast cancer xenograft model in nude mice.
To verify the target specificity of the nanoparticles in vitro, mouse blood samples were spiked with MDA-MB-231 cells and treated with unconjugated and conjugated nanoparticles either alone or in a cocktail (GNT/MNP proportion of 20:80) under static or flow conditions. Targeting was confirmed by the presence of nanoparticles in cancer cells as shown by Prussian Blue staining ( Fig. 2a ), fluorescent imaging ( Fig. 2b; Supplementary Fig.  S5a ) and magnetic resonance imaging ( Supplementary Fig. S5b ). Photoacoustic signals from MNP-labelled cells were significantly higher than MNPs alone, particularly at high laser fluence and after exposure to a magnet for 10 min (Fig. 2c ). This signal amplification was associated with magnet-induced MNP clustering in cells and laser-induced microbubbles 22 around the MNP clusters. Measurement of photoacoustic signals as a function of number of nanoparticles revealed that the sensitivity limit is 35 GNTs and 720 MNPs ( Fig. 2d ; see Supplementary Information). The nanoparticle cocktail showed the best targeting efficiency (96+2.1%) after ~1 h labelling under static conditions or after 5-10 min under flow conditions at a velocity of 0.1 cm s-1 (Table 1) .
Attaching a magnet with a field strength of 0.39 T to the testing tube ( Fig. 3a ) captured 10nm MNP-labelled cells in phosphate buffer saline (PBS; Fig. 3b ) at a broad range of flow velocity (0.1-10 cm s −1 ), and this was accompanied by strong photoacoustic signals from the area under the magnet (Fig. 3e ) that were stronger than those signals outside the magnet corresponding to rare uncaptured cells and unbound MNPs (Fig. 3f ). The introduction of free MNPs at a high concentration (1 × 10 11 MNPs ml −1 ) with a small number (5-10) of MNP-labelled cells demonstrated that both MNPs and MNP-labelled cells were captured at a flow velocity of 0.1 cm s −1 (Fig. 3c ). Increasing the velocity to 3 cm s −1 removed most of the free MNPs but the MNP-labelled cell remained captured ( Fig. 3d ). Because magnetic force is proportional to particle number 17 , the randomly distributed free MNPs were more effectively removed by flow drag forces than the labelled cells that contained a higher local MNP concentration or dense MNP clusters. As a result, labelled cells were captured effectively up to a flow velocity of between 3 and 5 cm s21, but free MNPs were captured only at a low velocity between 0.3 and 0.5 cm s −1 (Fig. 3g ).
To determine the depletion kinetics, MNPs and GNTs were separately injected, intravenously, through mouse tail vein at concentrations of 1 × 10 9 and 1 × 10 11 nanoparticles ml −1 in 10 ml PBS (n = 3 for each concentration). Photoacoustic monitoring of vessels on the mouse ear at 639 and 900 nm showed that at high concentrations the half-life of both nanoparticles in circulation was 15-20 min ( Fig. 4a ). At later times, rare flashes of photoacoustic signals appeared, preferentially from MNPs, which are likely associated with random fluctuation of nanoparticle number in the detected volume 20 and non-specific uptake of nanoparticles by blood cells (for example, blood-derived macrophages) 29, 30 . No photoacoustic signals were detected from either nanoparticle at a concentration of ~1 × 10 9 nanoparticles ml −1 , suggesting that signals from unbound or non-specifically bound nanoparticles were below the background from blood. After intravenous injection of ~1 × 10 5 cancer cells labelled with the nanoparticle cocktail in vitro, flashes of photoacoustic signals at both 639 and 900 nm with a dominant amplitude at 900 nm were observed immediately after injection ( Fig. 4c ) and then disappeared after 60-90 min (n = 3; green curve in Fig. 4b ).
The occurrence of natural CTCs and their targeting in vivo were mimicked by intravenously injecting 1 × 10 5 unlabelled cancer cells in 50 ml PBS solution followed by injection of the GNT/MNP cocktail (n =3). Flash photoacoustic signals at both 639 and 900 nm (similar to those in Fig. 4c ) gradually increased within 8-10 min after injection of nanoparticles (red curve in Fig. 4b ) to the approximate level of the photoacoustic signals observed from cells labelled in vitro, and then displayed a similar behaviour during clearance (red and green curves in Fig. 4b ). Occasionally, we observed infrequent (a few per cent from the total number of signals) flashes of photoacoustic signals at 900 nm only ( Fig. 4d ) or at 639 nm only ( Fig. 4e ), which may be associated with targeting low numbers of CTCs that express one of the selected biomarkers. Blood produced weak background signals with consistent and comparable amplitudes at both wavelengths ( Fig. 4f ). We did not detect any photoacoustic signals with consistent amplitude above the background signal of the blood, indicating a negligible background from unbound nanoparticles. Attachment of a magnet immediately after injection of the nanoparticle cocktail revealed no signals over 3-5 min, but there was a gradual increase at an accelerated rate after 10 min at both wavelengths. These data suggest that we successfully targeted CTCs ~10 min after nanoparticle injection without any interference from unbound MNPs.
To detect CTCs originating from a primary tumour, 5× 10 6 MDAMB-231 cells were inoculated subcutaneously into nude mice. At 2, 3 and 4 weeks of tumour development (Fig.  5a ), a cocktail of the conjugated nanoparticles was injected intravenously into the circulation (n=3 for each week). Two-colour photoacoustic detection of CTCs ( Fig. 4c ) at 20 min after injection (to allow clearance of most unbound nanoparticles, as shown in Fig. 4a ) showed that the ratio of the numbers of CTCs in mouse ear to those in abdominal vessels (CTCs min −1 ) increased from (0.9+0.3)/(6+2.1) at 2 weeks to (7.2+0.3)/(26+2.1) at 3 weeks and to (15.1+2.7)/(47+6.4) at 4 weeks. The numbers of CTCs ( Fig. 5b ) appear roughly correlated with the stage of the primary tumour progression shown in Fig. 5a and vessel sizes ( Supplementary Fig. S3a,b ). Attaching a magnet 20 min after injection of the nanoparticle cocktail into mice with a tumour at week 1 changed the character of the photoacoustic signal from infrequent flashes of signals to a continuous increase of photoacoustic signals (Fig. 5c ). Similar patterns were observed after weeks 2 to 4. For example, the signal amplitude in the abdominal vessels of mice with a tumour at week 2 increased 88-fold within 1.5 h (Fig. 5d ). Removal of the magnet led to release of the trapped CTCs bound to nanoparticles, yielding a decrease in photoacoustic signal amplitudes. The partial decrease in amplitude is likely due to the remaining CTCs that are still adhered to the vessel wall.
Our findings suggest that duplex molecular targeting of CTCs with functionalized nanoparticles followed by their capture using dual magnetic-photoacoustic flow cytometry technology is feasible for the detection of CTCs in the bloodstream, in vivo, in real time. The application of two types of nanoparticles with strong magnetic (MNPs) and absorption (GNTs) properties allows us to combine effective magnetic enrichment of the low counts of CTCs in the bloodstream with highly sensitive and specific photoacoustic diagnosis of the accumulated cells, something that is difficult when using just one type of nanoparticle. MNPs and GNTs were used as mono-colour nanoparticles for duplex CTC targeting in this study, but the two absorption maxima of GNTs suggest their potential as two-colour nanoparticles 28 .
A blood volume of ~5 l circulates through a human vein having a 2-3-mm diameter within 1 h (ref. 7) . Hypothetically, patients may carry a magnet that is non-invasively attached to the skin above peripheral blood vessels for an hour or so, followed by rapid (minute-scale) photoacoustic detection of captured CTCs. Because CTCs can be concentrated from much larger volumes of blood in vivo when compared to the small blood samples taken for in vitro analysis (5-10 ml) 2,3, our in vivo approach has the potential to significantly improve sensitivity with a maximum of ~10 3 -fold gain (with an ultimate threshold of a few CTCs in whole blood) as determined by the ratio of the volume of blood in vivo to that in vitro. This makes it possible to use CTCs as markers for the early diagnosis of cancer. Once detected, the captured CTCs can be micro-surgically extracted for molecular and genetic tests or can be non-invasively ablated by laser 6, 22, 28 in vessels or bypass to prevent metastasis.
In the future, the photoacoustic contrast of MNPs could be enhanced by developing gold-MNP complexes 10 , and magnetic properties could be introduced into GNTs by incorporating magnetic materials in them. Because targeting of CTCs in the circulation takes a matter of minutes due to the frequency of nanoparticle-cell collisions (see Supplementary  Information) , there is no requirement for nanoparticles that are able to circulate for long periods; on the contrary, fast clearance rates minimize background signals due to nonspecific interaction of nanoparticles with normal cells and the potential toxic effects of nanoparticles on blood. This technology has the potential for clinical applications because MNPs, gold-based nanoparticles and photoacoustic technology have now been approved for pilot studies on humans 28, 31, 32 (see Supplementary Information).
METHODS

Synthesis and bioconjugation of nanoparticles
MNPs from Ocean NanoTech, LLC, were bioconjugated as described previously 26,27, with some modifications (see Supplementary Information) . GNTs as second photoacoustic molecular contrast agents were synthesized as described elsewhere with detailed reports on their physicochemical characteristics 28 (see Supplementary Information) . GNTs with an average size of 12 × 98 nm 2 were selected for this study. The GNTs were conjugated with folic acid through electrostatic interactions. The resultant folate-GNT conjugate was washed three times in the presence of 1% polyethylene glycol (PEG). The GNTs were additionally conjugated with fluorescein (FITC) for verification by fluorescence imaging.
Cell labelling and characterization
Human breast cancer MDA-MB-231 cell line (ATCC) was cultured according to the standard procedure. Cells were incubated in vitro with serum free medium containing 20 pmol of bioconjugated MNPs at 37 °C for 2 h. The cells were washed with PBS three times.
The labelling efficiency was controlled by Prussian Blue staining, fluorescent imaging and magneticresonance imaging ( Fig. 2a,b ; see Supplementary Information and Fig. S5 ), and by comparing photoacoustic signals from individual cells (total 300 cells for each experiment) at 639 and 900 nm. To verify labelling efficiency in the complex environment, mouse blood samples were spiked with MDA-MB-231 cells in various concentrations (10, 100 and 1,000 ml −1 ) and treated with 1 and 0.1 nM unconjugated or conjugated GNTs and MNPs, alone or in a cocktail (20:80), at 37 °C for 0.1, 0.5, 4 and 12 h under static and flow conditions.
Experimental animals
Nude mice nu/nu (weighing 20-25 g) purchased from Harlan Sprague-Dawley were used in accordance with protocols approved by the University of Arkansas for Medical Sciences Institutional Animal Care and Use Committee. Experiments were performed on thin (~250 mm) mouse ear with well-distinguished blood microvessels ( Supplementary Fig. S3a ) at a depth of 50-100 mm and with a diameter of 50-100 mm with blood velocities of 3-7 mm s −1 , and on blood vessels with a diameter of 200-300 mm in the abdominal area of the mouse ( Supplementary Fig. S3b ) at a depth of 0.3-0.5 mm and flow velocity of 1-3 cm s21. After standard anaesthesia (ketamine/xylazine, 50/10 mg kg −1 ), each animal was placed on the customized heated microscope stage. Breast tumours were created in the back flank area of mice by inoculating with 5×10 6 MDA-MB-231 cells in 50 ml of PBS.
Photoacoustic instrumentation with magnetic module
The integrated setup was built as described previously 6, 21, 22 on the technical platform of an Olympus BX51 microscope (Olympus America) and a tunable optical parametric oscillator (OPO, Lotis) with a pulsewidth of 8 ns, a repetition rate of 10-50 Hz, a wavelength in the range 420-2,300 nm and a fluence range of 1-10,000 mJ cm 2 ( Supplementary Fig. S1 ). In addition, a diode laser 905-FD1S3J08S (Frankfurt Laser Company) with driver (IL30C, Power Technology) was used with a wavelength of 905 nm, pulse width of 15 ns and a pulse repetition rate of 10 kHz. Delivery of laser radiation to blood vessels was performed either with a microscope schematic ( Fig. 1a; Supplementary Figs S1-S3 ) or using a 330-mm fibre with focusing tip ( Fig. 1a; Supplementary Fig. S3 ). Laser-induced photoacoustic waves were detected using an ultrasound transducers (model 6528101, 3.5 MHz, 4.5 mm in diameter; Imasonic), amplified (amplifier 5660B, 2 MHz, gain 60 dB; Panametrics), recorded with a Tektronix TDS 3032B oscilloscope and a Boxcar (Stanford Research Systems), and analysed with standard and customized software. The setup was equipped with a high-speed (200 MHz) analog-to-digital converter board (National Instruments Corp., PCI-5152, 12-bit card, 128 MB of memory), specialized software (LabVIEW; National Instruments) and a Dell Precision 690 workstation with a quadcore processor, 4 GB of RAM and Windows Vista 64 bit operating system. The transducer was gently attached to skin or samples or slides, and warmed water or conventional ultrasound gel was topically applied for better acoustic matching between the transducer and the samples. In two-colour modes, in addition to an OPO pulse with selected wavelength of 900 nm, a second co-linear probe pulse was used from a Raman shifter with a wavelength of 639 nm, pulse duration of 12 ns and a 10ms delay to the pump pulse. The permanent magnetic field was provided by a cylindrical meodymium-iron-boron (NdFeB) magnet with nickel-copper-nickel coating, 3.2 mm in diameter and 9.5 mm long, and with a surface field strength of 0.39 T (MAGCRAFT). In selected experiments the magnet was used with a custom-made 0.7-mm hole through which to deliver laser radiation by means of a fibre ( Fig. 1a; Supplementary Fig. S3e ). The distances between the magnet and examined vessels ranged from 50 to 100 mm (mouse ear) or 0.3 to 0.5 mm (abdominal area). . c, Photoacoustic signals from 10-nm MNPs (~1×10 11 nanoparticles ml −1 ) without a magnet (red curve with filled squares) and a single MNP-labelled cell in a suspension placed on a 120-μm-thick microscope slide with (blue curve with filled circles) and without (green curve with open circles) a magnet. The average standard deviation for each laser fluence is 32%. d, Photoacoustic signals from nanoparticles at different concentrations. The background level is from mouse blood. The error bars represent standard error. Labelling efficiency of breast cancer cells (MDA-MB-231) (1 h, 37 °C) in static condition in vitro, obtained with a photoacoustic cytometer.
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